By a screening program searching for new pesticides from fungal sources, an insecticidal compound was isolated from Penicillium citrinum F 1539. The compound, named quinolactacide, was novel and showed 88% mortality against green peach aphids (Myzus persicae) at 250 ppm. Its structure was determined by spectroscopic techniques.
In our continuing effort to search for pesticidal compounds from fungal metabolites, we have found an insecticidal substance in butanol extract from solid state fermentation of Penicillium citrinum Thom F 1539. The insecticidal substance was purified by repeated silica gel column chromatography and recrystallization, and its chemical structure was elucidated to be a new tetracyclic quinolone compound. The compound, named quinolactacide (1), showed excellent insecticidal activity against the green peach aphid (Myzus persicae).
As structurally related compounds to compound 1, quinolactacins (2-6) and quinocitrinines (7, 8) are known ( Fig. 1 ). Quinolactacins A (2), B (3), and C (4) were isolated from culture medium of Penicillium sp. EPF-6. in 2000. [1] [2] [3] Compound 2 significantly reduced tumor necrosis factor (TNF) production, and all of them showed weak antifungal activity against Aspergillus niger ATCC 9642, but there has been no description of their insecticidal activity. 1, 3) Furthermore, the racemate and analogs of compound 3 were synthesized using anthranilic acid and different amino acids as starting materials to investigate inhibitory activity against TNF production. 4) Other quinolactacins, A1 (5) and A2 (6), which were isolated from solid state fermentation of P. citrinum 90648 in 2001, are known as acetylcholinesterase inhibitors for treating Alzheimer-type dementia, and the relative configuration of compound 6 was assumed to be the same as that of compound 2.
5) Finally, all the absolute configurations at the C-3 position of compound 3 and at the C-3 and C-1 0 positions of compound 6 were determined to be S configurations on the basis of enantioselective synthetic studies followed by comparison analysis of the synthesized compounds with natural ones. 6) In 2003, quinocitrinines A (7) and B (8) were isolated from culture broth of P. citrinum VKM FW-800 obtained in the permafrost region of Northern Russia. We have named the insecticidal quinolone compound from Penicillium citrinum F 1539, quinolactacide. y To whom correspondence should be addressed. Fax: +81-88-685-6040; E-mail: mabe@otsukac.co.jp Abbreviations: TNF, tumor necrosis factor; m.p., melting point; DMSO, dimethyl sulfoxide; TLC, thin layer chromatography; EA, ethyl acetatesoluble part; W, water-soluble part Biosci. Biotechnol. Biochem., 69 (6), [1202] [1203] [1204] [1205] 2005 Note They showed antibacterial, antifungal, and antiproliferative activities, but there are no descriptions of their insecticidal activity. 7) Here we report on the isolation, the physico-chemical properties, and the structure elucidation of quinolactacide (1) .
Buckwheat medium (20 g of medium Â 40 flasks ¼ 800 g in total) was prepared in a 250 ml Erlenmeyer flask, and the fermentation of P. citrinum F 1539 was conducted for 12 d at 25 C under a stationary condition. The solid culture thus obtained was extracted with 250 ml of 1-butanol and concentrated under reduced pressure to give 2,440.6 mg of the crude extract. The extract showed 100% mortality against green peach aphids (M. persicae) at 1,000 ppm. The active substance was purified according to the following procedure: The crude extract was partitioned with ethyl acetate and water. Although both of the fractions showed activity, we selected the ethyl acetate soluble fraction for further work because of the ease of the procedure. The ethyl acetate layer was concentrated under reduced pressure and subjected to silica gel column chromatography three times using different solvent systems to give a crude active substance as a brown solid. The crude solid thus obtained was purified by recrystallization from a mixture of ethyl acetate and methanol to give 3.7 mg of pure compound 1 as a yellow powder. Pure compound 1 showed 88% mortality against the aphids at 250 ppm. In the purification process, some active fractions were observed in addition to the quinolactacide (1)-containing fraction. This suggested that other active substances should exist besides compound 1.
HR-EIMS analysis of compound 1 gave the molecular formula C 14 H 8 O 2 N 2 with twelve unsaturations. This molecular formula was supported by 1 H NMR and 13 C NMR spectra ( (Table 1 ). The mode of binding between proton and carbon atoms was established by HMQC spectrum. The relationships among protons were elucidated by the COSY experiment ( Fig. 2A) . The HMBC experiment clarified C-H correlations, as shown in Fig. 2A . These results showed the existence of an ortho disubstituted benzene ring and a 1,2-disubstituted pyrrole ring. In the IR spectrum of compound 1, prominent absorptions at 3,440 cm À1 , at 1,740 cm À1 , and at 1,645 cm À1 were observed, and should be assigned to NH, N-C=O of the -lactam ring, and C=O with conjugation effect, respectively. In the linked scan experiment of EIMS analysis, compound 1 had an ion peak at m=z 168, and its composition was established as
by HR-EIMS analysis. These results suggest a -keto amide moiety in the molecule, as shown in Fig. 2B . Taking the chemical shifts of a proton atom at the 10 position and carbon atoms at the 6, 6a, 10, and 10a positions into consideration, C-10a should be attached to N-11 (Table 1) . These chemical shifts were almost same as those of the existing quinolactacins. 2, 5) Thus the structure of compound 1 was established as pyrrolo [ Fig. 1 .
In conclusion, we isolated an insecticidal compound, quinolactacide (1) , from the metabolite of P. citrinum F 1539. Compound 1 is structurally unique in that a quinolone skeleton conjugates with a bicyclic ring consisting of a -lactam ring and a pyrrole ring. Another structural feature of compound 1 is that the nitrogen atom at the 11 position of compound 1 is not methylated while those at the 4 position (equal to the N-11 position of compound 1) of quinolactacins and quinocitrinines are methylated. It might be that demethylation of the nitrogen atom is intrinsic for insecticidal activity. Compound 1 showed excellent insecticidal activity against green peach aphids (M. persicae), but its activity against other pests has not been investigated yet due to a shortage of the compound. Our future study will focus on the synthesis of compound 1 and its derivatives to clarify the insecticidal spectrum and structure-activity relationships.
Experimental
General. The following instruments were used in the experiments: a Bruker DPX 300 FT NMR spectrometer for the 1 H, 13 C NMR, DEPT, H-H COSY, and HMQC spectra, a Bruker DRX 500 FT NMR spectrometer for the HMBC spectrum, a JEOL The MStation JMS-700 mass spectrometer for the mass spectra, a Shimadzu UV-160 UV-VIS Recording Spectrophotometer for the The fungus used for the experiments was isolated from a soil sample collected in Kamakura-yama, Kamakura, Kanagawa Prefecture, Japan, and identified as P. citrinum based on morphological characteristics such as distinct growth on Czapek yeast extract agar and Malt extract agar, biverticilate penicilli with divergent metulae, and smooth-walled globose conidia in a long chain.
8) The isolated fungus has been deposited in the culture collection at the National Institute of Advanced Industrial Science and Technology, International Patent Organism Depositary, Tsukuba, Japan, as Penicillium citrinum Thom F 1539, under accession no. FERM P-19590.
Insecticidal test against Myzus persicae. Excised leaves (2 cm in diameter) of cabbage plants in the 2-leaf stage were placed on non-woven fabric pieces containing sufficient water. Thirty female adults of M. persicae were allowed to stay on the leaves and then placed in a thermostatic chamber (25 AE 2 C, humidity 40%). The next day, an insecticidal formulation (250-1,000 ppm) was prepared by adding an aqueous solution (100 ppm) of Sorpol 355 (Toho Chemical Industry, Tokyo in Japan) to a methanol solution of a fractionated sample, and 4.0 ml of the formulation was sprayed over the leaves and air-dried. The leaves were left to stand in a thermostatic chamber (25 AE 2 C, humidity 50%). After 4 d, the mortality of the formulation with the sample against M. persicae was assessed by comparing it with that without the sample.
Isolation of quinolactacide (1) . To a well-grown slant culture of P. citrinum F 1539 was added 4 ml of sterile water to prepare a conidial suspension. The suspension (1 ml) thus prepared was inoculated into a production medium consisting of 10 g of buckwheat, 1 mg of yeast extract, 0.5 mg of sodium tartrate, 0.5 mg of KH 2 PO 4 , 0.5 mg of MgSO 4Á 7H 2 O, 0.05 mg of FeSO 4Á 7H 2 O, 0.05 mg of ZnSO 4Á 7H 2 O, and 10 ml of H 2 O in 250 ml Erlenmeyer flasks (40 flasks in total). Fermentation was conducted for 12 d at 25 C under a stationary condition. The 40 flasks in total of solid cultures were extracted with 250 ml of 1-butanol, and the resulting butanolic extract was filtered and concentrated in vacuo. The concentrated extract was 2,440.6 mg in weight and showed 100% mortality against green peach aphids (M. persicae) at 1,000 ppm. The insecticidally active substance in the extract was obtained according to the following purification procedure: The concentrated extract (2,428.7 mg) was partitioned with ethyl acetate and water. The ethyl acetate-soluble part (EA) and the water-soluble part (W) were 984.7 mg and 1,159.2 mg in weight, and showed 76% and 81% mortality at 1,000 ppm respectively. The EA (936.5 mg) was chro- matographed in a silica gel column by eluting it successfully with different solvent systems, hexaneethyl acetate (2:1), ethyl acetate only, and chloroformmethanol (10:1), to give three fractions. The second and third fractions (EA 2 and EA 3) gave excellent insecticidal activity, showing 100% mortality at 500 ppm. EA 3 was 145.5 mg in weight and showed multiple spots on TLC using a solvent system of chloroform-methanol (10:1). Its Rf value ranged from 0 to 0.5. The EA 3 (137.1 mg) was again chromatographed in the manner described above to obtain three fractions. The first and the third fractions (EA 3-1 and EA 3-3) gave excellent insecticidal activity, showing 95% and 100% mortality at 500 ppm respectively. But EA 3-3 (50.1 mg in weight) still did not give single spot on TLC, although many inactive contaminants in the EA 3 were removed. EA 3-3 (45.2 mg) was further purified in a silica gel column by eluting it successfully with different solvent systems, chloroform-methanol (20:1), chloroform-methanol (10:1), and ethyl acetate only, to give three fractions. The second fraction (EA 3-3-2) was concentrated under reduced pressure to give a brown solid. It showed 57% mortality against the aphids at 250 ppm. EA 3-3-2 (19.7 mg in weight) showed single spot on TLC using the same solvent system as above, and its Rf value was 0.5. EA 3-3-2 (17.7 mg) was recrystallized from a mixture of ethyl acetate and methanol to obtain 3.7 mg of highly purified compound 1 as a yellow powder. The pure compound 1 showed 88% mortality against the aphids at 250 ppm. The unexpectedly lower activity of the more highly purified compound 1, which was in solid form, must be due to its poor solubility in the methanol used for dissolving the samples in the biological test. Compound 1 showed good solubility in DMSO but poor solubility in ethyl acetate, chloroform, and methanol. A methanol solution containing 1.25% DMSO was used to dissolve compound 1 for the biological test, but compound 1 was easily deposited by diluting it with water. The physico-chemical properties of quinolactacide (1) 
